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Both statistical analysis and a semi-distributed rainfall runoff model were used to assess 138 trends in the discharge in the Blue Nile basin. The statistical analysis of trends in climate 139 and hydrologic variables uses the Mann-Kendall test (Zhang et al, 2001; Huth and 140 Pokorna, 2004; Lins and Slack, 1999) . To gain more confidence in our results, a 141 categorically different and less common technique, Sen's T test, was employed as well 142 (KarabÖrk, 2007) . Both tests are non-parametric approaches and do not require any 143 assumptions about the distribution of the variables. 144 145
Mann-Kendall test 146
The Mann-Kendall (Mann, 1945; Kendall, 1975) test is a rank-based method that has 147 been applied widely to identify trends in hydroclimatic variables (see e.g., Kahya and 148 Kalayci, 2004; Xu et al., 2003; Partal and Kalya, 2006; Yue and Hashino, 2003) . 149
Following Burn et al. (2004) , we have corrected the data for serial correlation within the 150 time series prior to applying the Mann-Kendall test using the modified version of the 151
Trend Free Pre-Whitening (TFPW) approach developed and tested by Yue et al. (2002) . 152
According to Yue et al. (2002) , in the unmodified TFPW approach, the existence of 153 positive serial correlation results in an overestimation of the probability of trend, while 154 negative serial correlation will cause an underestimation of the probability of trend. 155 156 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 Surface runoff is generated when the soil is saturated and assumed to be at outlet within 182 the time step. The percolation is calculated as any rainfall when the hillside soil is at field 183 capacity. Zero and first order reservoirs determine the amount of water reaching the 184 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 of 10-day rainfall amounts that were obtained by averaging the 10-daily rainfall of the 189 selected 10 rainfall gauging stations using the Thiessen polygon method (Kim et al., 190 2008) . The potential evaporation was set according to Steenhuis et al (2009) are robust and both indicate that there was no significant trend in the observed annual 228 runoff at El Diem at the Sudan border. This is consistent with the observation at that 229 point that the basin-wide annual rainfall remained the same and potential evaporation 230 from year to year usually does not vary. The annual discharge, therefore, which is the 231 difference between rainfall and evaporation -a unique function of rainfall and potential 232 evaporation-should stay the same for a given annual rainfall amount. Somewhat 233 Chara weir in 1996 at the outlet of Lake Tana that increased the flow during the dry 243 season. No significant change was observed at El Diem over the short rainy season 244 (Table 1) . During the dry season (October to February), both Bahir Dar and Kessie 245 discharge did not change significantly but there was a significant decreasing trend at El 246 Diem by 10% (Table 1) . 247
Sen's T test

248
Despite that there were no significant differences in rainfall amounts over the 40 year 249
period, the analysis clearly shows differences in runoff pattern. For the two upper Nile 250 stations, Kessie and Bahir Dar the increased annual discharge is a consequence of the 251 increased discharge during the two rainy periods while the dry season flow is not affected 252 (Table 1) . For El Diem, where the annual flow remained constant over the 40 years, the 253 increase in discharge during the wet season is offset by a decrease of flow during the dry 254 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 Figure 3 ). After the 286 dry season, the exposed bedrock needed to fill up a storage of 25 mm before it became 287 hydrologically active, whereas the saturated areas required 200 mm. In the calibration of 288 the discharge data for 1998 to 2000, it was assumed that over the 40 year time span only 289 those parameters would change that were affected by erosion. Specifically it was 290 expected that the relative areas of degraded soils on the hillside might increase during 291 this period because of severe erosion. It was thought unlikely that base flow and 292 interflow would change in the 40 year time span since they are related to the subsoil 293 characteristics . The best fit was obtained for 1998 to 2000 period by increasing exposed 294 bedrock coverage to 20% (from the 10% in the 1964-1967 period) and decreasing the hill 295 slopes by 10% to 60% while all other parameters could be kept the same (Table 2, Figure  296 3). The Nash-Sutcliffe model efficiencies were remarkably high for such a simple model: 297 0.92 and 0.91 for the calibration periods and 0.87 and 0.86 for the validation periods, 298 respectively for the first and second time periods, (Table 3, 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 Moreover, by comparing observed versus predicted discharge in Figure 4 it becomes 310 obvious that the calibrated dataset of 1998-2000 period predicted earlier runoff and 311 greater peaks than observed for the period of [1964] [1965] [1966] [1967] [1968] [1969] (Figures 4a and 4b) . Similarly, 312 the calibrated data set for the 1960's predicted later runoff and lower peaks than observed 313 around 2000 (Figures 4c and 4d) . The subsurface flow routines of the simple model are 314 not sufficiently sensitive to predict the observed differences in base flow during the dry 315 season. 316
317
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Conclusions
The landscape is divided into two parts, the well drained hillslopes, and the relatively 8 flatter areas that become easily saturated during the rainfall season. The hillslopes are 9 further divided into two parts that either are degraded or have highly permeable soils 10 above a restricted layer at some depth. The degraded areas have the hardpan exposed at 11 the soil surface. In these areas that have restricted infiltration, a small amount of water 12 can be stored before saturation excess surface runoff occurs. On the highly permeable 13 portion of the hillslopes most of the water is transported through subsurface as rapid 14 subsurface flow (e.g., interflow over a restrictive layer) or base flow (percolated from the 15 soil profile to deeper soil and rock layers, McHugh, 2006) . The flatter areas that drain the 16 surrounding hillslopes become runoff source areas when saturated (Fig. A1 shows a  17 schematic representation of a simplified hillslope). Three separate water balances are 18 calculated. The water balance for the each of the three areas can be written as 19
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